Abstract: Adherence, colonization, and survival of mycobacteria in host cells require surface adhesins, which are attractive pharmacotherapeutic targets. A large arsenal of pilus and non-pilus adhesins have been identified in mycobacteria. These adhesins are capable of interacting with host cells, including macrophages and epithelial cells and are essential to microbial pathogenesis. In the last decade, several structures of mycobacterial adhesins responsible for adhesion to either macrophages or extra cellular matrix proteins have been elucidated. In addition, key structural and functional information have emerged for the process of mycobacterial adhesion to epithelial cells, mediated by the Heparin-binding hemagglutinin (HBHA). In this review, we provide an overview of the structural and functional features of mycobacterial adhesins and discuss their role as important biomarkers for diagnostics and therapeutics. Based on the reported data, it appears clear that adhesins are endowed with a variety of different structures and functions. Most adhesins play important roles in the cell life of mycobacteria and are key virulence factors. However, they have adapted to an extracellular life to exert a role in host-pathogen interaction. The type of interactions they form with the host and the adhesin regions involved in binding is partly known and is described in this review.
Introduction
Human respiratory infections, generated by both gram negative and gram positive bacteria, are continuing to show increasing incidence and significant antimicrobial resistance. The cell walls of all these bacteria bear molecules, named as adhesins, which mediate attachment to the host cells and elicit host immune responses. Attachment through adhesins, among which pili, fimbriae and capsulae, is the first step of infectivity. [1] [2] [3] [4] [5] [6] [7] Indeed, following adherence, bacteria invade eukaryotic cells and start host colonization and evasion of host immune defences. Adhesins often participate also in bacterial cell-cell aggregation by facilitating agglutination and the formation of biofilms, the ace in the hole of persistent microbes. 8, 9 Among respiratory pathogens, mycobacteria are zoonotic gram-positive bacteria which infect a wide variety of mammalian species. Mycobacterial species causing human tuberculosis are grouped as the Mycobacterium tuberculosis complex (MTC). Apart from the MTC, several mycobacterial species isolated from environmental sources have also been associated with diseases in both humans and animals. M. tuberculosis is one of the deadliest human pathogens, infecting more than one third of the human population with a disease which ranks as the second leading cause of death from a single infectious agent. 10 M. tuberculosis survives in harsh conditions, replicates in host cells and disseminates from the site of primary infection to potentially any organ, where it can persist for decades and possibly reactivate, 11 through a mechanism mediated by resuscitation promoting factors [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] and Ser/Thr kinases. [24] [25] [26] During infection, M. tuberculosis interacts with and enters host cells, primarily macrophages in lung granulomas (Fig. 1 ). Disease transmission is increased by the formation of lung cavities, as they enhance highly efficient person-to-person aerosol transmission and contribute to antibiotic failure and the emergence of antibiotic resistance. 27 Interestingly, a critical initial event in tuberculosis (TB) pathogenesis is the destruction of lung collagen, an event which is responsible for cavitation in the lungs. 27 The wall of the cavity consists of an external zone of collagen, and an internal zone of softening caseum where the high oxygen content favors the intense multiplication of tubercle bacilli. 28 Collagen, the most abundant protein in animals is a fibrous, structural protein, formed by a triple helix composed of three left-handed polyproline helices twisted into a right-handed supercoiled structure. [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] Several collagen proteases have been identified as responsible for collagen degradation to produce tubercular cavities, among which the collagen protease MMP1 and cathepsin. 27 Numerous M. tuberculosis proteins have been documented to function in the attachment to host components, including pili and curli. 43 Also, dissemination from the site of primary infection involves interactions of M. tuberculosis with epithelial cells through a surface protein called heparin-binding haemagglutinin, HBHA. [44] [45] [46] This review summarizes all current structural knowledge on adherence-mediating components and strategies which enable M. tuberculosis adhesion to the host. These proteins are essential to microbial pathogenesis and are considered important biomarkers for diagnostics and therapeutics.
Roles and Structural Features of Mycobacterial Adhesins

Roles of adhesins in TB infection
Adherence of M. tuberculosis to host cells is mediated by a plethora of protein systems. M. tuberculosis mainly infects macrophages and then survives and replicates in the phagosome (Fig. 1) . Virulent M. tuberculosis inhibits macrophage apoptosis and induces their necrosis, thus facilitating translocation into the cytosol and intercellular dissemination of M. Tuberculosis. 47 In general, once M. tuberculosis binds and is internalized into the host macrophage cell, it is enclosed into specialized vacuoles (Fig. 1) . Interestingly, only a few proteins have likely been "thought" to act as adhesion molecules. Most of them possess specific cellular functions, either as chaperones or as enzymes, and have adapted to also act as adhesins. A thorough description of available information on known adhesins of M. tuberculosis is reported in Table I .
Adhesins mostly mediating macrophage attachment
Many of the known proteins involved in mycobacterial adhesion interact with macrophage components (Table I , Fig. 2 ). Among those, Cpn60.2 is one of the two chaperonins (Cpn60.1 and Cpn60.2) belonging to the family of heat shock proteins. Cpn60.2 is essential for cell viability and may be involved in M. tuberculosis pathogenicity. [48] [49] [50] In addition to these roles, Cpn60.2 mediates mycobacterial binding to CD43, a large sialylated glycoprotein found on the surface of macrophages. 48 Also, it has been recently shown that Cpn60.2 blocks macrophage apoptosis via interaction with mitochondrial mortalin. 51 The overall structure of the Cpn60.2 monomer resembles the structures of GroEL monomers from Escherichia coli and contains three distinct domains: equatorial, intermediate, and apical [ Fig. 3(A) ]. 49 However, Cpn60.2 does not form a tetradecameric double ring, which is typical of GroEL of E. coli, but dimeric structures [ Fig. 3(A) ]. 50 This feature has been associated with the additional role of Cpn60.2 as a factor in the cellular association of M.tuberculosis with macrophages, since a dimeric structure leaves a free apical domain for adhesion with the CD43 macrophage receptor [ Fig. 3(A) ]. 50 Another chaperone, DnaK has also been proposed to act as adhesin. However, both competitive-inhibition and epitope-masking strategies, we have shown that while both Cpn60.2 and DnaK are present on the bacterial surface, only Cpn60.2 appears to be necessary to facilitate efficient bacterial association to macrophages. 49 Binding to macrophages is also mediated by PstS-1, The LpqH, named as the 19-kDa antigen, is a glycosylated lipoprotein with several biological functions including the induction of immune responses; It interacts with macrophages via Toll-like 2 receptors and induces IL-12 and TNFa production or apoptosis. 54 In addition, LpqH binds the macrophage mannose receptor, promoting the uptake of mycobacteria. 54 Structurally, it is a small protein with a bsandwich fold [ Fig. 3 (B)] and its interactions with the host are likely mediated by the lipidic part of the protein, whose structure is currently unknown.
Adhesins mostly interacting with fibronectin
Pathogen interactions with the host is often mediated by fibronectin, one of the main constituents of the extra cellular matrix (ECM) (Fig. 2 ). Fibronectin is a heterodimeric glycoprotein, formed by two similar subunits joined near the C-terminal end, and contains multiple binding domains with binding properties to different ligands such as heparin, collagen, and fibrin. Through these domains, fibronectin binds to a wide variety of microorganisms. In Streptococcus pyogenes, a human adapted pathogen causing over 700 million cases worldwide annually, 55 collagen-like proteins aid host colonization by binding to fibronectin and laminin. [4] [5] [6] Among fibronectin-interacting proteins of M. tuberculosis, of emerging interest are PE_PGRS proteins, a family of highly represented proteins encoded in M. tuberculosis genome. 56, 57 M. tuberculosis secretes a fibronectin-binding protein known as the antigen 85 complex. This complex is composed of three proteins, Ag85A, Ag85B, and Ag85C, with a catalytic function as a mycolyl transferase. 58 The antigen 85 proteins preserve the integrity of the cell wall by catalyzing the transfer of mycolic acids to the cell wall arabinogalactan and through the synthesis of trehalose dimycolate. These three proteins share high sequence and structure conservation. A large, conserved surface patch, composed of residues 1-30, 39-66, and 98-111, has been proposed for Ag85A as responsible for the interaction with human fibronectin [ Fig. 4(A) ]. This conserved patch encompasses about 3271 Å 2 , which is about 28% of the total accessible surface area of the protein, a finding compatible with the protein interaction with such a large molecule, like fibronectin. 58 Interestingly, the antigen 85 complex was also shown to be involved in binding to elastin, another critical protein component of the ECM that imparts tissue elasticity and is abundant in skin, lung, blood vessels and other tissues. 59 The Ag85-binding motif AAAKAA was identified in a conserved region of elastin. 59 
Adhesins mostly interacting with laminin
In addition to fibronectin and elastin, adhesion of M. tuberculosis to the ECM also involves laminins, are high-molecular weight (400 to 900 kDa) heterotrimeric glycoproteins with binding regions for collagen, integrins, cellular domains, and proteoglycans such as dystroglycan (Table I , Fig. 2 ). Among laminin binding adhesins is malate synthase (GlcB), an enzyme involved in the establishment or maintenance of persistent infection by M. tuberculosis via the glyoxylate pathway. 60, 61 Long term persistence is one of the hallmarks of an infection by M. tuberculosis and one of the main obstacles to the global control of the disease. Together with Isocitrate lyase, GlcB malate synthase catalyzes the net incorporation of carbon during mycobacterial growth on acetate or fatty acids as the primary carbon source. 61 GlcB is an 80-kDa monomeric protein with 741 amino acid residues, which is homologous to malate synthase of E. coli, with 60% identity. Apart from its role in keeping persistence, GlcB has adapted to function as an adhesin, binding through its unique C-terminal region to laminin and fibronectin [ Fig. 4(B) ]. Similarly, glutamine synthase A1 is a central component of bacterial nitrogen metabolism, as it catalyzes the ligation of glutamate and ammonia to form glutamine, with the resulting hydrolysis of ATP. 62 The biologically relevant molecule is a dodecamer formed by two hexameric rings [ Fig. 4(C transduction systems, as they combine both sensing and regulating properties 71 and typically share a modular structural organization, in which the sensing domain is extracellular and is connected to an intracellular kinase domain by a transmembrane linker. 72 The extracellular domain of the STPK PknD was shown to form a highly symmetric six-bladed b-propeller [ Fig.  5(A) ]. Regulatory ligands are proposed to bind the central part of the PknD b-propeller, denoted as the "cup", and binding could change the protein quaternary structure. 73 Using confocal microscopy and flow cytometry, it was shown PknD sensor is sufficient to trigger invasion of brain endothelia, in a process which is neutralized by specific antiserum and is mediated by binding with laminin. 74 ESAT-6 is a small protein, of 6 kDa, which is abundantly secreted by M. tuberculosis together with with its chaperone CFP-10. 75 It is an important virulence factor, although no specific functional roles have been associated to this protein, apart from its strong modulation of immune response. 76 In addition to the classical Sec and Tat secretion pathway, M. tuberculosis possesses at least five ESX secretion systems, belonging to a Type VII secretion system (T7SS), which is found to be non-essential for growth in vitro, but required for bacterial virulence. 75 ESAT-6 and CFP-10 lack the Sec YEG secretory signal sequence and their secretion was found to be dependent on ESX-1. ESAT-6 and CFP-10 together form a tight dimer [ Fig. 5(B) ] and are dependent on each other for their stability and secretion. The structure of the CFP-10-ESAT-6 complex consists of an antiparallel assembly of two similar helix-turn-helix hairpin motifs, formed by each protein, to form a four-helix bundle [ Fig. 5(B) ]. ESAT-6 alone or in complex with CFP-10 has also been shown to interact with laminin on the basolateral surface of pneumocytes leading to lysis of these cells that aid in the dissemination of M. tuberculosis in the human lung. Moreover, ESAT-6 has been shown to interact directly with toll like receptor TLR2, thus producing a reduced secretion of interleukin (IL)-12 p40 in macrophages, to help intracellular persistence and survival of M. Tuberculosis. . Immunoelectron microscopy demonstrated that the M. smegmatis protein is present on the mycobacterial surface, a cellular localization inconsistent with a histone-like function, but compatible with an adhesin activity. 79, 80 In vitro protein interaction assays showed that this glycoprotein binds to laminin. 79, 80 More studies are needed to understand the actual role of HU as a laminin-binding protein in M. tuberculosis. Interestingly, it was previously assumed that mycobacteria did not produce pili. However, compelling evidences have proven the existence of M. tuberculosis pili in the last decade. It has been shown that pili are recognized by IgG antibodies contained in sera of patients with active tuberculosis, indicating that the bacilli produce pili or pili-associated antigen during human infection. 81 M. tuberculosis produces two pili types: curli and type IV pili. 43, 81, 82 Purified M.
tuberculosis pili are composed of low molecularweight protein subunits, designated as Rv3312A. 81 These pili bind to the extracellular matrix protein laminin in vitro and share with other bacterial pili morphological, biochemical, and functional properties, more similar to curli amyloid fibers. 83 Their role as adherence factors is further confirmed by their involvement in bacterial aggregation and biofilm formation. 81, 84 Type IV pili and curli are also involved in adhesion to epithelial cells, an important event in the dissemination of TB. 43 However, a central role in this process is played by the heparin-binding haemagglutinin adhesin HBHA (Table I) . [85] [86] [87] [88] This latter protein is crucial for extracellular dissemination of the disease and, given its importance, will be described in detail in the following chapters. 
Structural Features of Heparin Binding
Haemagglutinin, HBHA
HBHA is a key protein for extra-cellular dissemination of TB
HBHA is responsible for extra-pulmonary dissemination of TB. This protein is expressed at the surface of a variety of mycobacterial species and promotes binding to host epithelial cells. 89, 90 No crystal structure of HBHA has been hitherto reported. However, biophysical data and the low resolution structure by Small Angle X-ray Scattering have unambiguously indicated that HBHA has a dimeric structure with an elongated shape and that dimerization is key to HBHA structural integrity. 87, 88 HBHA contains three functional domains: a transmembrane domain of 15-20 amino acids located near the N-terminus of the protein; an a-helical coiled coil region which may be involved in protein oligomerization and a C-terminal region containing methylated lys-pro-ala-rich motifs [ Fig. 6(A) ].
HBHA in mycobacterial agglutination
Similar to other adhesins, HBHA also expresses haemagglutination activity, a process correlated to interactions between HBHA molecules on the surface of mycobacteria. In particular, haemagglutination has been correlated with the ability of the N-terminal region of HBHA to form multimers. [44] [45] [46] 91 HBHA sequence analysis reveals, in the N-terminal domain, the typical pattern of left-handed coiled coils, with a periodicity of seven (heptad repeats, abcdefg). It contains three main coiled coil helices [ Fig. 6(A) ], here denoted as H1 (residues 24-44), H2 (residues 49-69) and H3 (residues 87-107). SAXS studies indicated a parallel coiled coil arrangement of molecules. 88 In addition, a peptide covering a specific region of HBHA sequence (residues , was shown to strongly compete with protein dimerization by mimicking the protein dimerization interface. 85 This peptide was able to disaggregate HBHA dimers and form a hybrid form at 378C, the growth temperature of M. tuberculosis, with strong implications for the development of anti-agglutinating molecules with therapeutic interest. 85 Based on these data, an atomic model for the main interactions between HBHA monomers, those mediated by helix H2, was produced [ Fig. 6(B) ]. 85, 87 The sequence of the H2 helix, VEESRARLTKLQEDLPEQLTE, peculiarly embeds a proline residue (Pro64 in HBHA sequence). The resulting model a kinked coiled coil, and a consequent kink of the helices, compared to an ideal coiled coil [ Fig. 6(B) ]. 85 Notably, the proline residue responsible for the helical kink, Pro64, is strictly conserved in bacteria. These considerations strongly suggest that the kink of H2 helices is an important structural determinant for HBHA monomer-monomer recognition. 85 Coiled coil proteins are notably capable of dynamic switching of monomer subunits. 92 In this scenario, agglutination phenomena may be bound to the formation of reversible bridge-like structures connecting bacteria through the N-terminal coiled coil domain of HBHA. 87 This hypothesis is supported by atomic force microscopy studies, which measured homophilic HBHA-HBHA interacting forces occurring at the bacterial surface of live mycobacteria. 93 HBHA-mediated aggregation of bacteria leads to clumping of bacilli, an extremely simple, yet effective, defense mechanism. Indeed, clustering by aggregation enables bacteria to generate a robust spatial structure with a high local cell density, that can easily resist antibiotics. 94 
HBHA in epithelial cell attachment
Interactions of HBHA with host components such as cell surface sulfated glycoconjugates and proteoglycans is mediated via the HBHA C-terminal domain. 79, 91 SAXS results evidenced the protrusion of C-termini towards the same side of the protein, consistent with the prediction of parallel coiled coil and the role attributed to HBHA C-terminus to drive the binding of bacteria by establishing electrostatic interactions with epithelial heparan sulphates. 87, 88 The interaction between HBHA C-terminus and Heparan sulphate (HS) of epithelial cells is one of the key events in the biological activities of HBHA, as it is the basis of adherence of M. tuberculosis to epithelial cells and of the subsequent extrapulmonary dissemination of the mycobacterium. Heparan sulphate is a polysaccharide component of proteoglycans found on cell surfaces and in the extracellular matrix. It holds alternating (1-4)-linked a-D-glucosamine (GlcN) and either b-Dglucuronic acid (GlcA) or a-L-iduronic acid (IdoA) residues. NMR studies have evidenced that the Cterminal domain of HBHA undergoes structural adaptation upon interaction with HS. 95 The HBHA C-terminus is essentially composed of alanine, proline and lysine residues, organized in two types of lysine-rich repeats, R1 and R2. R1 (KKAAPA) is directly repeated thrice between residues 160 and 177, whereas R2 (KKAAAKK) is repeated twice between residues 178 and 194, and both R2 repeats are separated by APA. 95 Chemical shifts evidenced that the 4 th and 6 th KAAAK penta-repeats are more tightly involved in the interaction with the protein. 95 Further details emerge from recent NMR investigations, which showed that relevant electrostatic interactions exist between the lysine side chains and the sulfonate and carboxylate groups of the sugar. 96 Also, hydrophobic interactions play an important role in the entropically driven binding to HS; four alanine residues (A181, A186, A191 and A193) are engaged in close interactions with HS rings. In addition, the aliphatic side-chain component of K179 shows hydrophobic interactions with the A-residue (GlcN) atoms of HS. 96 Further studies are required to achieve a comprehensive characterization of the structure, dynamics and topology of HBHA and to accurately resolve the molecular mechanism of adhesion of M. tuberculosis to epithelial cells.
Adhesins as TB Biomarkers
A biomarker is a measurable characteristic that indicates normal or pathogenic biological processes, or pharmacological responses to therapeutic intervention. Accurate diagnosis and follow-up is crucial in TB control. Therefore, many methods to diagnose TB have been developed, and this topic has been discussed in a number of eminent reviews. 97 Apart from classical methods, many of the adhesins described here have been proposed as biomarkers of TB, since their external location induces the production of specific antibodies, which may be used to diagnose TB in serological tests. These adhesins are denoted as serological markers. Specifically, malate synthase has been proposed as a biomarker of TB infection in HIV-seropositive individuals, as it shows stronger reactivity TB-HIVco-infected patients (92%) than in TB-infected patients (57 %). 98 Also, antibodies directed against antigen 85B are candidates for the development of tuberculosis diagnostic kits. 99 The PE_PGRS protein Rv1818 was also shown to induce the generation of antibodies in mice infected with M. tuberculosis by aerosolization. 57 In addition, sera of patients with active TB are known to contain IgG antibodies against MTPs. 100 Another important adhesin serological biomarker is HBHA. Indeed, beside playing an important role in adhesion, HBHA has been proposed for a diagnostic tool to discriminate between active and latent tuberculosis, in an assay that builds on the interferon (IFN) g release assay (IGRA), which detects the release of IFN-g in response to specific antigens of M. Tuberculosis. 101, 102 Indeed, the response to HBHA as an antigen is lower in active TB than in latent TB. In more detail, IFN-g responses to two different mycobacterial antigens, ESAT-6 and HBHA, are analysed. Three scenarios are possible: (i) a negative score to both antigens represents successful elimination of the M. tuberculosis infection, (ii) a positive score to both antigens indicates a stage of latency able to control M. tuberculosis replication, (iii) a positive score only to ESAT-6 indicates actively replicating M. tuberculosis (as in active TB disease). Consistently, it has been suggested the lack of HBHA responses in HIV-LTBI coinfected patients is indicative an increased risk to develop active TB.
101,102
Conclusion
Adhesins are surface-exposed microbial structures or molecules that enable pathogenic organisms to adhere to host surfaces, a fundamental step towards host infection. They potentially share a central role in therapy and diagnosis of TB. Indeed, these molecules constitute important potential drug targets in anti-adhesion therapies. In several species, they have proven to be useful vaccine candidates, capable of conferring protection in animal models. In addition, due to their extracellular location, adhesins are proven biomarkers of disease in serological tests, since they easily generate protective antibodies. In the last years, copious information accumulated on the structural and functional characterization of adhesion molecules of M. tuberculosis. This review provides a thorough description of structural properties of most important recognized molecules involved in host interaction. So far, as many as 17 proteins are known to play a role in host adhesion, by either binding to macrophage receptors or to proteins of the extra-cellular matrix, like fibronectin and laminin. In addition, binding of adhesins to epithelial cells, mediated by the adhesin HBHA, allows the mycobacterium to evade from the site of primary infection, the lungs, and attack all kinds of epithelial tissues, so to produce an extra-pulmonary form of the disease. As shown here, known adhesins are characterized by a variety of folds, structural features and biological functions. It appears clear that molecular adhesiveness is an acquired feature that has made proteins with diverse and unrelated functions able to attack a multiplicity of receptor molecules.
Conflict of Interest
The authors confirm that this article content has no conflicts of interest.
